We present the results of a first study of the equation of state in finite-temperature QCD with two flavors of Wilson-type quarks. The simulations are made on lattices with a temporal size N t ϭ4 and 6, using a renormalization-group-improved action for the gluon sector and a mean-field-improved clover action for the quark sector. The lines of constant physics corresponding to fixed values of the ratio m PS /m V of the pseudoscalar to vector meson masses at zero temperature are determined, and the beta functions which describe the renormalization-group flow along these lines are calculated. Using these results, the energy density and the pressure are calculated as functions of temperature along the lines of constant physics in the range m PS /m V ϭ0.65-0.95. The quark mass dependence in the equation of state is found to be small for m PS /m V Շ0.8. A comparison of the results for N t ϭ4 and N t ϭ6 lattices shows a significant scaling violation present in the N t ϭ4 results. At high temperatures the results for N t ϭ6 are quite close to the continuum Stefan-Boltzmann limit, suggesting the possibility of a precise continuum extrapolation of thermodynamic quantities from simulations at N t տ6.
I. INTRODUCTION
During the last decade, much effort has been devoted to experimentally detecting the quark-gluon plasma state in high energy heavy-ion collisions. In order to extract an unambiguous signal of quark-gluon plasma production from heavy-ion collision experiments, a theoretical understanding of the nature of the finite-temperature chiral phase transition and the thermodynamic properties of quark-gluon plasma is indispensable. In particular, the equation of state ͑EOS͒ belongs to the most basic category of information needed in phenomenological investigations of heavy-ion collisions.
Extensive numerical studies have been pursued in lattice QCD to derive the equation of state from first principles ͓1͔. Within the quenched approximation, in which effects of dynamical quark-pair creation and annihilation are neglected, precise results have been established. Continuum extrapolations of the lattice results have been made with various lattice actions, finding a good agreement within errors of a few percent ͓2-4͔. For the pressure, a detailed comparison of the results from the integral method and the derivative method have also been made ͓5-7͔. The problem of a nonzero pressure gap at the transition point with the derivative method has been solved by a nonperturbative calculation of anisotropy coefficients ͓6͔.
The next step toward a realistic quark-gluon plasma simulation is to include dynamical quarks, which clearly play a significant role in the real world through chiral symmetry. Until recently, the EOS with dynamical quarks has been computed only with the Kogut-Susskind ͑staggered͒ quark action or its improved form ͓8-10͔. Strictly speaking, the staggered quark action only allows the number of flavors to be a multiple of four, and providing a mass difference within the fourfold multiplet is not straightforward. It has also been found that the critical scaling for two-flavor QCD extracted with this formalism ͓11-14͔ does not agree with the theoretically expected O(4) values. These features of the KogutSusskind quark action make it imperative that the quarkgluon plasma properties be explored with alternative quark actions. In this article we present results on the equation of state obtained with the Wilson quark action in an improved form.
The study of finite temperature QCD with Wilson-type quark action has been difficult for two reasons. First, explicit chiral symmetry breaking complicates the phase diagram analysis ͓15-17͔, which is basic for obtaining the equation of state. In this connection, an important role played by the parity-flavor broken phase ͓18͔ has been realized, and the phase structure for finite temporal lattice sizes has been understood ͓19-21͔.
Another difficulty has been that, when the standard plaquette gauge action and the standard Wilson quark action are adopted, the system exhibits severe lattice artifacts on coarse lattices with a temporal lattice size N t ϭ4 and 6. For example, the finite-temperature transition strengthens at intermediate quark masses to a first-order transition for N t ϭ6 ͓16,17͔, while it should weaken as quarks become heavier. In this regard, it has been shown that an improvement of the gauge action is effective in reducing the lattice artifacts in finite temperature QCD. Furthermore, the critical scaling around the two-flavor chiral transition obtained for a renormalization-group ͑RG͒ improved gauge action is consistent with the expected O(4) universality class at N t ϭ4 ͓22͔.
These advances indicate that thermodynamic studies with Wilson-type quark actions are feasible if improved actions are employed. We have thus attempted a first calculation of EOS in QCD with two flavors of dynamical quarks, using a RG improved gauge action ͓23͔ coupled with a cloverimproved Wilson quark action ͓24͔. This combination of actions is motivated from our previous comparative study ͓25͔, where we found lattice discretization errors to be small with this action combination in both gluonic and hadronic observables at zero temperature.
The phase structure and the critical temperature for this action combination were studied in Ref. ͓26͔, employing an N t ϭ4 lattice. In this paper, we extend the study to an N t ϭ6 lattice. We then calculate the pressure and energy density for N t ϭ4 and 6, employing the integral method ͓27͔. We obtain the EOS as a function of temperature for each fixed value of the renormalized quark mass, i.e., on each line of constant physics. We identify these lines by the ratio of pseudoscalar and vector meson masses, m PS /m V , at zero temperature. Our results cover EOS's over the range m PS /m V ϭ0.65-0.95.
The organization of the paper is as follows. Our lattice action and the simulation parameters are summarized in Sec. II. In Sec. III, we discuss the phase structure of QCD for our improved Wilson quark action at N t ϭ4 and 6. In Sec. IV, the temperature scale and the lines of constant physics are studied. The RG beta functions, required in our calculation of the EOS, are determined in Sec. V. Results for EOS's at N t ϭ4 and 6 are presented in Sec. VI. Conclusions and discussions are given in Sec. VII.
II. ACTION AND SIMULATION PARAMETERS
The gluon ͓23͔ and quark ͓24͔ actions we employ are defined by
Here ␤ϭ6/g 2 , c 1 ϭϪ0.331, c 0 ϭ1Ϫ8c 1 , and
with F the lattice field strength,
where f is the standard clover-shaped combination of gauge links. For the clover coefficient c SW , we adopt a mean-field value c SW ϭ P Ϫ3/4 substituting the one-loop result for the plaquette Pϭ1Ϫ0.8412␤ Ϫ1 ͓23͔, which agrees within 8% with the values measured in our runs ͓28͔. We also note that the one-loop result c SW ϭ1ϩ0.678/␤ϩ••• ͓29͔ is close to our choice c SW ϭ1ϩ0.631/␤ϩ•••.
Our two-flavor simulation employs the standard hybrid Monte Carlo ͑HMC͒ algorithm. Details of the algorithm implementation are the same as in Refs. ͓25,26,28͔. The length of one trajectory is unity, and the molecular dynamics time step is chosen to yield an acceptance rate greater than about 80%. The inversion of quark matrix is made with the BICGSTAB method. We measure the Polyakov loop and its susceptibility at every trajectory. Jackknife errors of these expectation values are estimated with a bin size of 20-50 trajectories. Hadron propagators are measured at every five trajectories using point and exponentially smeared quark sources.
In Ref. ͓26͔, we studied the phase structure for our action combination on 16 3 ϫ4 lattices with a temporal lattice size N t ϭ4. The simulation parameters are summarized in Table I . The values of the hopping parameter K cover the range m PS /m V Ϸ0.60-0.98. In these simulations, we have also measured the observables required for the EOS. We have since extended the simulation to an N t ϭ6 lattice. Simulation parameters for N t ϭ6 are compiled in Table II . For the spatial lattice size, we choose N s ϭ16 both for N t ϭ4 and 6. This enables us to commonly apply results obtained on a 16 4 lattice to carry out zero-temperature subtraction in the calculations of the EOS, and to determine the lines of constant physics. For various tests, we also perform simulations on 8 3 ϫ4 lattices as summarized in Appendix A. Parameters for the zero temperature simulations are compiled in Table III. On the zero temperature lattice 16 4 , we determine meson masses by a combined fit using both point and smeared sources assuming a double hyperbolic cosine form for the propagator. This procedure is necessitated by the fact that a plateau of effective mass is sometimes not quite clear due to a small temporal size of 16. Results for masses are summarized in Table IV , and plotted in Figs. 1 and 2 . Since the aspect ratio N s /N t ϭ16/6ϭ2.666 . . . for N t ϭ6 is smaller than N s /N t ϭ4 for N t ϭ4, we also check the influence of the spatial volume on the EOS. In the ideal gas limit of ␤→ϱ, analytical calculations as described in Appendix B show a 10% finite size correction for N s /N t ϭ3 when N t ϳ4 -6 as compared to a 5% effect for N s /N t ϭ4. Perturbative estimates are not reliable close to the critical temperature, however. To study the spatial volume effect in this region, we make additional simulations at N s /N t ϭ2 on 8 3 ϫ4 lattices, and compare the results with those at N s /N t ϭ4 obtained on 16 3 ϫ4 lattices. Details are presented in Appendix A. We find that the pressure at N s /N t ϭ2 and 4 are consistent with each other within 1-2 %, except very near the critical temperature. We therefore conclude that finite volume corrections are reasonably controlled for our N t ϭ6 lattices over the range of temperature we study.
III. PHASE STRUCTURE AND PSEUDOCRITICAL TEMPERATURE
Figure 3 summarizes our results for the phase diagram. The solid line threading through filled circles, denoted K c (Tϭ0), is the location of the critical line where the pion mass vanishes at zero temperature. This is the line of constant physics for massless quarks. Above the K c (Tϭ0) line, the parity-flavor symmetry of the Wilson-type quark action is broken spontaneously ͓18,20͔. The pion mass vanishes along the line since, the pion becomes the massless mode of a second-order transition associated with this spontaneous breakdown. At zero temperature, the boundary of the parityflavor broken phase ͓the K c (Tϭ0) line͔ is expected to form a sharp cusp touching the free massless fermion point K ϭ1/8 at ␤ϭϱ.
For finite temporal sizes N t corresponding to finite temperatures Tϭ(aN t ) Ϫ1 , the parity-flavor broken phase retracts from the large ␤ limit, forming a cusp ͓19,20͔. The boundary of the parity-flavor broken phase at N t ϭ4, the K c (N t ϭ4) line, is shown by a thin line threading through open circles in Fig. 3 .
The dashed line K t (N t ϭ4) through open diamonds represents the finite-temperature pseudocritical line for a temporal size N t ϭ4, which is determined from the Polyakov loop and its susceptibility ͓26͔. The region to the right of K t ͑larger ␤) is the high temperature quark-gluon plasma phase, and that to the left of K t ͑smaller ␤) is the low temperature hadron phase. The crossing point of the K c (Tϭ0) and K t (N t ϭ4) lines is the finite-temperature chiral phase transition point ͓17͔. As one observes in Fig. 3 , the chiral transition point is located close to the cusp of the parity-flavor broken phase, with the difference expected to be O(a). This is consistent with the picture that the massless pion, interpreted as the Nambu-Goldstone boson associated with spontaneous chiral symmetry breaking in the continuum limit, appears only in the cold phase.
In Figs. 4 and 5 we present the expectation value of the Polyakov loop and its susceptibility obtained on a 16 3 ϫ6 lattice. We find a clear peak of the Polyakov loop susceptibility. Fitting the peak by a Gaussian form using three or four points around the peak, we determine K t (N t ϭ6) at ␤ϭ2.0, 2.1, 2.2, and 2.3, as summarized in Table V . The results are shown in Fig. 3 by filled diamonds denoted K t (N t ϭ6).
The pseudocritical temperature T pc in units of the zerotemperature vector meson mass was studied in Ref. ͓26͔ for N t ϭ4. We repeat the study using the N t ϭ6 data. For this purpose, we interpolate the zero-temperature meson mass data to the K t (N t ϭ6) line by
The values of m PS /m V and T pc /m V at K t are summarized in Table V . Results of T pc /m V as a function of (m PS /m V ) 2 are plotted in Fig. 6 for N t ϭ4 ͓26͔ and 6. We find, in the range m PS /m V ϭ0.65-0.95 that we study, values of T pc /m V at N t ϭ4 and 6 agree within about 10%.
IV. LINES OF CONSTANT PHYSICS
In previous studies of EOS's with staggered-type quark actions, the pressure and energy density are determined as functions of temperature for a fixed value of bare quark mass m q (0) a. While m q (0) a and N t are practically easy to set in simulations, the system at different temperatures ͑or values of ␤) will have different physical quark masses. This is not useful for phenomenological applications, and we need to evaluate the temperature dependence of thermodynamic observables for a fixed renormalized quark mass, i.e., on a line of constant physics.
We identify We also attempt to determine the lines of constant temperature. Here we adopt the pseudocritical temperature T pc on the same line of constant physics as the unit of temperature, where the temperature itself is determined through the zero-temperature vector meson mass m V a as
The ratio T pc /m V for the pseudocritical temperature T pc is obtained by tuning ␤ and K along the K t line for each N t . We then interpolate T pc /m V as a function of (m PS /m V ) 2 by a Padé-type ansatz:
We obtain Aϭ0. 2253(71), BϭϪ0.933(17) , and C ϭϪ0.820 (39) and giving an additional factor ͓1Ϫ(m PS /m V ) 2 ͔. They yield curves which are close to that of Eq. ͑9͒ but agree less well with data. Since we employ such fits for the purpose of interpolating the data for T pc /m V over the quark mass range m PS /m V Ӎ0.65-0.95 of our study, we choose to adopt Eq. ͑9͒ in the following analyses.
For N t ϭ6, since the data for T pc /m V cover only the range m PS /m V ϭ0.725-0.972, we have to extrapolate the fit result down to m PS /m V ϭ0.65. We check the effect of extrapolation by performing a fit of N t ϭ4 data using only the points in the range m PS /m V ϭ0.725-0.972. We find that the difference between this fit and our full fit is less than 1% for m PS /m V ϭ0.65-0.7.
Finally, we normalize the temperature T/m V by the pseudocritical temperature T pc /m V on the same line of constant physics. Results of the procedure above for the lines of constant temperature are shown by dashed lines in Fig. 7 for T/T pc ϭ1.0, 1.2, 1.4, 1.6, 1.8, and 2.0, where K t (N t ϭ4) is used to set T pc . We observe that the K t line for N t ϭ6 is slightly discrepant from the T/T pc ϭ1.5 line; this deviation represents a scaling violation in T pc /m V .
V. BETA FUNCTIONS
The renormalization group flow along the lines of constant physics is described by the beta functions. Their precise values are required in a calculation of the energy density ⑀/T 4 discussed in Sec. VI. In this section, we study the beta functions for fixed values of m PS /m V , using results for m PS a and m V a at zero temperature.
Since m V is a physical quantity which we can take as independent of the lattice spacing a, the derivatives a‫ץ/␤ץ‬a and a‫ץ‬K/‫ץ‬a with fixed m PS /m V can be replaced by m V a‫(ץ/␤ץ‬m V a) and m V a‫ץ‬K/‫(ץ‬m V a). Naively, these quantities may be determined in the following way. First, one fits the values of m PS a and m V a measured at each (␤,K) by a suitable fit function, and differentiates the function in terms of ␤ and K. The derivatives ‫‪(m‬ץ/␤ץ‬ V a) and ‫ץ‬K/‫(ץ‬m V a) can be calculated by solving
.
͑11͒
In practice, however, we find that there exists a region where the matrix on the right hand side becomes almost singular, so that the inverse cannot be solved reliably. In particular, when quarks are heavy, because m PS /m V is always close to 1, its derivatives in terms of ␤ and K cannot be determined precisely. This leads us to adopt the following alternative method. 
͑13͒
The fit range is determined for each ((m V a) 0 ,(m PS /m V ) 0 ) separately: The fit range in m PS /m V is fixed such that 2 /N df is minimized, under the condition that the number of fitted data is larger than 30 to avoid artifacts from statistical fluctuations. For the fit range in m V a, we include all data except for the points m V aϽ2.3 or Kу0.11, which are far from the region we study.
From the fit results, we calculate the beta functions by differentiating ␤ and K in terms of m V a, with m PS /m V fixed:
The results are plotted in Figs. 9 and 10. In Fig. 9 , the oneloop perturbative value of m V a͓‫(ץ/␤ץ‬m V a)͔ for a massless quark is shown by a solid line near the right edge of the plot. Our results appear to approach this value gradually in the large ␤ limit. We also see that m V a͓‫ץ‬K/‫(ץ‬m V a)͔ for small m PS /m V approaches zero at large ␤, as we expect from the fact that K c →1/8 as ␤→ϱ. Another application of fits ͑12͒ and ͑13͒ is the determination of the lines of constant physics and the temperature measured by the vector meson mass,
VI. EQUATION OF STATE
The energy density and pressure are defined by
where Z, T, and V are the partition function, temperature, and spatial volume, respectively. We calculate these quantities as a function of temperature along the lines of constant physics obtained in Sec. IV. 
A. Integral method in full QCD
We compute the pressure by the integral method ͓27͔. This method is based on the formula pϭϪ f , with f ϭ (ϪT/V)ln Z the free energy density, valid for large homogeneous systems. The pressure is then given by
where dϭ(d␤Ј,dKЈ) is the line element in the (␤,K) plane, and ͗•••͘ sub is the expectation value at finite temperature with the zero-temperature value subtracted. The starting point of the integration path should be chosen in the low temperature phase where pϷ0. In actual simulations, for setting the starting point of the integration path, we quadratically extrapolate results for the integrand near the low temperature phase to zero. For our actions ͑2͒ and ͑3͒, the derivatives in Eq. ͑17͒ are given by
where N s is the spatial lattice size, and N f ϭ2 denotes the number of flavors. We evaluate the quark contributions ‫␤ץ/‪S‬ץ‬ and ‫ץ‬S/‫ץ‬K using the noisy source method. In order to select the type of noise, we have tested Z(2), U(1), and a complex Gaussian noise with a test run on an 8 3 ϫ4 lattice. We find that the U(1) and Z(2) noises show a faster convergence than the Gaussian noise in the number of noise ensembles. The difference between the U(1) and Z(2) cases is small, while the U(1) noise shows slightly faster convergence in this test. From this result, we have adopted the U(1) noise in this study.
The integral method was originally developed for a pure gauge system, for which the parameter space is one dimensional. In our case, the parameter space is two dimensional. Therefore, the integration path for the pressure ͓Eq. ͑17͔͒ is not unique. We have performed a series of test runs on an 8 3 ϫ4 lattice, and confirmed the integration path indepen- dence ͓30͔. Details of the test are presented in Appendix A. We shall present results of a similar test in our production runs below. From this test we also find that the integration paths in the K direction ͑constant ␤) lead to smaller errors for the final values of the pressure than those in the ␤ direction ͑constant K). Therefore, we choose the integration paths in the K direction starting from the region of small values of K and moving toward the chiral limit. Our simulation points on the 16 3 ϫ4 and 16 3 ϫ6 lattices are shown by ''ϩ'' and ''ϫ'' in Fig. 3 .
B. Equation of state for N t Ä4
In Fig. 11 , we show the results for the pressure derivative
obtained on an N t ϭ4 lattice. Measurements are made with five noise ensembles at every trajectory. The bin size for the jackknife errors is set to ten trajectories from a study of bin size dependence. Numerical values for the derivative are summarized in Table VI . Interpolating the data by a cubic spline method, we integrate in the K direction to obtain the pressure presented in Fig. 12 .
We also compute the derivative in the ␤ direction,
as shown in Fig. 13 and Table VII . We observe that the results for this derivative are noisier than those for the K derivative in Fig. 11 . This is the underlying reason for the fact commented upon in Sec. VI A that the integral paths in the K direction lead to smaller errors in the pressure.
In Fig. 14 , we replot the pressure from the K integration as a function of ␤, and compare it with the slope ͓Eq. ͑21͔͒ computed independently from the ‫␤ץ/‪S‬ץ‬ data. The latter data for the slope, shown by short lines, are tangential to the pressure curve, confirming the integration path independence of results for the pressure.
The pressure data shown in Fig. 12 or 14 are not yet quite useful. We wish to compute the pressure on a line of constant physics as a function of temperature normalized by the pseudocritical temperature T pc on the same line of constant physics. The necessary change of parameters from (␤,K) to (m PS /m V ,T/T pc ) is achieved with the interpolations performed in Secs. IV and V.
The pressure p/T 4 as a function of T/T pc is given in Fig.  15 for m PS /m V ϭ0. 65, 0.7, 0.75, 0.8, 0.85, 0.9, and 0.95 . In this figure, symbols denote the values on the integration path along the K direction at ␤ϭ1.80, 1.85, 1.90, 1.95, 2.00, 2.10, and 2.20, i.e., for each ␤, the pressure in Fig. 12 at the values of K corresponding to the given values of m PS /m V . The values of T/T pc at those points are determined from m V a, as discussed in Sec. IV. To interpolate these symbols in the direction of ␤ ͑i.e., of T/T pc ), we use the results for the slopes ‫␤ץ/‪S‬ץ‬ shown in Fig. 14 and adopt a cubic ansatz.
In Fig. 15 we observe that the pressure depends only weakly on the quark mass once the ratio m PS /m V falls below Ϸ0.8. In the heavy quark limit m PS /m V ϭ1, the pressure should coincide with the pure gauge value on a lattice with the same size, which is denoted by a dashed line ͓3͔. While the pressure decreases for m PS /m V ϭ0.80-0.95, the values at m PS /m V ϭ0.95 are still large compared to those of the pure gauge system for N t ϭ4.
In Fig. 15 , we also mark the high-temperature StefanBoltzmann ͑SB͒ values by solid horizontal lines, both for N t ϭ4 and in the continuum. The lattice value is evaluated from the free energy density in the SB limit, to be in parallel with the integral method adopted in numerical simulations. Some details of this computation are described in Appendix B. We observe that the pressure overshoots the SB value in the continuum limit, and appears to increase gradually toward the SB value for the N t ϭ4 lattice at high temperatures. Another point to note is that the large SB value on an N t ϭ4 lattice ͓3,31͔ is dominated by the quark contribution.
While the integral method does not allow a separate evaluation of the two contributions, a comparison of the two-flavor result and that of the pure gluon theory ͓3͔ ͑dashed line͒ shows that the situation should be similar at finite temperatures.
To compute the energy density, we use the following expression for the interaction measure ⑀Ϫ3p:
͑22͒
Applying the beta functions calculated in Sec. V, we find the results for (⑀Ϫ3 p)/T 4 shown in Fig. 16 . The meaning of symbols is the same as in Fig. 15 . , we obtain the energy density plotted in Fig 17. This quantity also overshoots the SB value in the continuum limit. In contrast to the case of pressure, the energy density in the high temperature phase is quite constant as a function of temperature.
Our results for pressure and energy density allow us to calculate the speed of sound c s defined by
We compute the derivative from a quadratic fit of p as a function of ⑀ using three data points along the lines of constant physics. The results for N t ϭ4 are plotted in Fig. 18 , where errors are estimated by error propagation from those of p and ⑀. We omit results at small temperatures with T/T ps Ͻ0.9, since there the magnitude of ⑀ is small in comparison with its error. The speed of sound rapidly increases just above the critical temperature, and almost saturates the SB value when T/T pc տ1.5.
C. Equation of state for N t Ä6
The simulation points for N t ϭ6 lattices at ␤ϭ1.95, 2.00, 2.10, 2.20, and 2.30 are marked by crosses in Fig. 3 . Raw data for the derivatives ‫(ץ‬p/T 4 )/‫ץ‬K and ‫(ץ‬p/T 4 ‫␤ץ/)‬ are shown in Figs. 19 and 20, respectively. Since the statistical errors for N t ϭ6 results are larger than those for N t ϭ4, the spline interpolation does not work well for N t ϭ6. Therefore, we interpolate the pressure derivatives by straight lines. The rest of data analyses parallel those for the case of N t ϭ4.
The pressures for N t ϭ6 on the lines of constant physics are plotted in Fig. 21 by open symbols as a function of T/T pc , together with the results for N t ϭ4 ͑filled symbols͒. These figures show that both the pressure and energy density decrease as the lattice spacing becomes smaller from N t ϭ4 to N t ϭ6, and the values at high temperatures become closer to the continuum SB limit. On the other hand, both at N t ϭ4 and 6, the energy density is smaller than the SB values for the corresponding N t , and an approach to the lattice SB value toward high temperatures is not apparent in our data. A similar deviation of the energy density from the SB value at finite N t was reported in Ref. ͓3͔ for the case of the SU͑3͒ pure gauge theory using the RG improved gauge action ͓Eq. ͑2͔͒. Further study is necessary to examine if deviations remain toward the limit of high temperatures.
We also observe for both the pressure and the energy density that the dependence on the quark mass is quite small for FIG. 20 (ϭ2 GeV)Ϸ100-200 MeV, which is similar in magnitude to the critical temperature T c Ϸ170 MeV estimated for two-flavor QCD ͓1͔. For comparison, finite mass corrections for free fermion gas only amount to 7% when the temperature equals the fermion mass m f , and exceed 50% only when m f /Tտ3.
In a previous study using the standard staggered quark action, it was reported that the energy density ⑀/T 4 for N t ϭ4 overshoot the SB value forming a sharp peak just above T c , while the results for N t ϭ6 show no peak ͓8͔. With the improved Wilson quark action, we do not observe an overshoot of the energy density both at N t ϭ4 and 6. A similar absence of the peak of energy density was also reported from an improved staggered quark action at N t ϭ4 when a contribution proportional to the bare quark mass is removed ͓10,32͔. We think it likely that the overshoot observed with staggered quark action at N t ϭ4 is a lattice artifact. With the staggered quark action, the energy densities for m q /T ϭ0.075 and 0.15 at N t ϭ6 are found to be consistent with each other within the errors ͓8͔. This result is similar to our finding of small quark mass dependence in the EOS.
Our present data for N t ϭ4 and 6 show a 50% decrease both in the pressure and energy density, which are too large to attempt a continuum extrapolation. On N t ϭ6 lattices, however, the magnitude and temperature dependence of the two quantities are quite similar between our improved Wilson quark action and the staggered quark action. Together with the fact that the N t ϭ6 results are close to the continuum SB limit at high temperatures, the approximate agreement of EOS's between two different types of actions may be suggesting that the N t ϭ6 results are not far from the continuum limit. This expectation is also supported by the N t dependence of the SB value on the lattice. The value for N t ϭ6, which is 50% too large compared to the continuum limit, reduces by 30% so that for N t ϭ8 the lattice SB value is within 20% of the continuum limit. Thus we expect that a precise continuum extrapolation will be possible if additional data points at N t ϭ8 are generated, which we leave for future work.
VII. CONCLUSION
We have presented first results for the equation of state in QCD with two flavors of dynamical quarks using a Wilsontype quark action. In order to suppress large lattice artifacts observed with the standard Wilson quark action, we have adopted a clover-improved form of the action and a RGimproved gluon action. Two temporal lattice sizes, N t ϭ4 and 6, are studied to examine the magnitude of finite lattice spacing errors.
We have calculated the energy density and pressure as functions of temperature along the lines of constant physics, which are identified through the mass ratio m PS /m V . As a part of the analysis to work out these lines, we have also computed the beta functions in the parameter space (␤,K). We found that the quark mass dependence of the EOS is small over the range m PS /m V Ϸ0.65-0.8. While the physical point m PS /m V ϭ0.18 is still far away, the observed independence on the quark mass suggests that our result for the EOS is close to those at the physical point except in the vicinity of the chiral transition point, where a singular limit according to the O͑4͒ critical exponents is expected.
Our results for the pseudocritical temperature, in units of the vector meson mass T pc /m V , show an agreement within about 10% between the temporal lattice sizes N t ϭ4 and 6. On the other hand, the pressure and the energy density decrease substantially, showing the presence of large scaling violation in the results for N t ϭ4. An encouraging indication, however, is that results on the N t ϭ6 lattice are close to the continuum Stefan-Boltzmann value at high temperatures. We FIG. 24 We compute the EOS by the integral method ͓27͔ described in Sec. VI A. In order to test the method, we perform a series of test runs to calculate the pressure on an 8 3 ϫ4 lattice. For subtraction of the zero temperature part, we also measure the same operators on an 8 4 lattice. Simulation points are shown by stars in Fig. 24 . We generate 500 HMC trajectories at each point.
We first check the influence of the spatial volume on the EOS. In order to avoid systematic errors from the numerical interpolation and extrapolation needed for numerical integrations, we first compare the values of the integrand ‫(ץ‬p/T 4 )/‫ץ‬K for N s /N t ϭ2 (8 3 ϫ4 lattice͒ with those for N s /N t ϭ4 from our main runs on a 16 3 ϫ4 lattice. From Fig.  25 , we find that the difference between N s /N t ϭ2 and 4 is comparable with statistical fluctuations. Integrating out these values, we obtain Fig. 26 . We find that the two results agree well with each other-the slight discrepancy of the ␤ϭ2.2 data at small K seems to be caused by a longer extrapolation to the point ‫(ץ‬p/T 4 )/‫ץ‬Kϭ0 for the stating point of the integration.
We then test the integration path independence in the integral method. We study three integration paths in the parameter space (␤,K), shown in Fig. 24 . At the crossing points, the results for the pressure from different paths should coincide with each other. The results for p/T 4 , obtained from these paths, are summarized in Fig. 27 . The left figure is obtained by integrating in the ␤ direction at Kϭ0.13, while the right figure is computed from the integration paths in the K direction at ␤ϭ2.1 and 2.2.
We find that p/T 4 at (␤,K)ϭ(2.1,0.13) and (2.2,0.13) in the two figures agree well with each other. This confirms the path independence of the pressure.
We also note that the paths in the K direction lead to much smaller errors in the pressure than the path in the ␤ direction. We therefore adopt paths in the K direction in the production runs discussed in the main text.
APPENDIX B: STEFAN-BOLTZMANN LIMIT OF PRESSURE BY THE INTEGRAL METHOD
In the calculation of pressure discussed in Sec. VI, we employ the integral method, in which the negative of free energy density Ϫ f ϭ(T/V)ln Z is identified with the pressure. In order to compute the Stefan-Boltzmann value to be compared with the pressure from the integral method, we should compute the free energy density in the free gas limit. In this appendix, we describe our calculation of the free energy density for the case of our improved lattice action.
To 
where k ϭ2 sin(k /2), F a (k)ϭi͓k A a (k)Ϫk A a (k)͔, and q ϭ1Ϫc 1 ͑ k 2 ϩk 2 ͒, for , ͑B7͒ q ϭ0, for ϭ. ͑B8͒
The free part of the ghost term corresponding to the gauge fixing ͓Eq. ͑B5͔͒ is given by
where and are the ghost fields.
The partition function for the gauge part can be calculated as
Consequently, we obtain the gauge part of the unnormalized free energy density
